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Abstract 
We have developed a new eddy-current non-destructive evaluation (NDE) system using an HTS SQUID gradiometer with the aim 
of applying it to practical materials with magnetization.  The new NDE system employs a LN2-cooled external Cu pickup coil and 
an HTS SQUID chip placed in a magnetic shield made of HTS material. The HTS SQUID chip consists of an HTS planar 
gradiometer manufactured by using a ramp-edge junction technology and a multi-turn HTS thin film input coil coupled with the 
flip-chip configuration.  The first-order coaxial gradiometric Cu pickup coil with a diameter of 16 mm and the baseline of 5.6 mm 
was used in the present NDE experiments. By using this NDE system, we could observe defect-induced magnetic signals without 
an appreciable influence of magnetization up to 10 mT. We also examined the ability of detecting deep-lying defects and compared 
with the results obtained using our previous NDE system. 
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1. Introduction 
Superconducting quantum interference device (SQUID) sensor is one of the most sensitive magnetometers. 
Moreover, since SQUID has high magnetic sensitivity even at low frequencies, eddy-current non-destructive 
evaluation (NDE) using a SQUID sensor is expected to be applied to detection of deep-lying defects in conductive 
materials [1]-[2]. We previously examined the capability of detecting defects in thick samples consisting of multilayer 
aluminum or Inconel plates, and demonstrated that slit-like defects located at 30-50 mm deep positions could be 
detected by using our SQUID NDE system [2]. Our first target material of NDE was non-magnetic or non-magnetized 
metals such as aluminum, Inconel, and silver. However, practical use of NDE, for example in electric power plants, 
requires detecting defects in magnetic or magnetized conductors. Functional alloy such as Ni-based superalloy and 
ferromagnetic alloy may be partially magnetized in various degrees. Magnetic field induced from a magnetic or 
magnetized material causes a SQUID sensor to be unworkable. This is a critical problem in the SQUID NDE system. 
To avoid this problem, the sensor has to set away from the target material, although the conventional SQUID NDE 
system requires less distance between the sensor and the target material to observe a large signal [1]-[3]. Thus it seems 
difficult to evaluate or detect defects in a magnetized conductor using the conventional SQUID NDE system.  
As the first step toward application of SQUID NDE to detect defects in such magnetized materials, we employed a 
new measuring method in the present study. In conventional HTS SQUID sensors, pickup coils are formed on the 
same substrates as SQUIDs, because we have no superconducting wiring technology as used in LTS SQUIDs. 
Therefore we employed an external pickup coil made of normal metal. Development of SQUID systems with a Cu 
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pickup coil cooled in liquid nitrogen (LN2) was previously reported [4]-[5]. Use of an external pickup coil made of 
normal metal causes narrower frequency bandwidth, however it has many advantages. It makes possible to keep large 
enough distance between the sensor and a magnetized material. In the present new NDE system, we set a SQUID 
sensor inside a magnetic shield made of an HTS material. It also makes possible to flexibly design a pickup coil. Here, 
we fabricated a first-order coaxial gradiometric pickup coil using a Cu wire. We demonstrated that we could detect 
defects in materials without a significant influence of magnetization by employing this new SQUID NDE system.  
2. Experimental 
2.1. NDE system 
We developed a new NDE system consisting of an LN2 cryostat with an HTS planar SQUID gradiometer and a Cu 
external pickup coil, a solenoid type induction coil, an X-Y stage, a modulation-type FLL circuit (STAR 
Cryoelectronics), a lock-in amplifier, and PC with interfaces that control stage motion and collect data, as 
schematically shown in Fig. 1. The planar SQUID gradiometer with first-order gradiometric pickup coils 
approximately 5.0 × 5.5 mm2 in size was fabricated using the HTS multilayer and ramp-edge junction technologies. A 
26-turn HTS thin film input coil fabricated on a different substrate was overlaid on the HTS gradiometer with a flip-
chip configuration. The details of similar HTS SQUID chips for use with an external pickup coil have been described 
elsewhere [6]-[7]. 
The Cu pickup loops of the first-order coaxial gradiometric pickup coil were 18 mm in diameter, and the number of 
turns and the layers were 40 and 4, respectively. The baseline of the coaxial gradiometric pickup coil was 40 mm. The 
electrodes of the input coil on the SQUID chip and the external pickup coil were connected by soldering. The SQUID 
chip with the input coil was placed inside a cylindrical superconducting shield made of Bi2223 bulk material [8]. The 
height and the inner diameter of the superconducting shield are 128 and 32 mm, respectively. Therefore, the SQUID 
chip can be set away from a magnetic source. The SQUID chip, the shield, and the external pickup coil were cooled by 
LN2 in the cryostat. The effective area Aeff of one Cu pickup loop assuming a magnetometer with the same loop size 
was estimated to be approximately 0.05 mm2 at 200 Hz [9]. The flux noise level of the SQUID chip without 
connection to the Cu pickup coil was approximately 8 ȝĭ0/Hz1/2 at 1 kHz. The flux noise was increased to 12 and 30 
ȝĭ0/Hz1/2 at 1 kHz and 200 Hz, respectively, when the Cu pickup coil was connected. 
2.2. Examined Specimen and NDE Procedure 
 The sample conductor examined in the present study was a 2.5 mm thick iron plate with a size of 30 × 30 cm2. A 
20 or 30 mm long and 0.5 mm wide through hole as a defect was placed in the middle of the plate. A 2 mm thick 
aluminum plate with a similar through hole and a small ferrite permanent magnet placed on it was also used. To 
examine the ability of detecting deeply-lying defects for the new system, we used a stack of aluminum plates, as 
examined in the previous study [2]. The thickness of each aluminum plate was 2 mm, and it had a size of 30 cm × 30 
cm. In the evaluated stack, only the bottom plate with 2 mm in thickness had a through hole with a shape of slit, 20 
mm in length and 0.5 mm in width. The sample conductor or the aluminum stack placed on the X-Y stage was 
continuously moved at a speed of 6 mm/s, as schematically shown in Fig. 2, and output magnitude signals from a 
lock-in amplifier were corrected. The lift-off, or the distance between the bottom Cu pickup loop and the surface of the 
sample conductor or the stack was kept at 4 mm. In the present study, a solenoid-type induction coil (70mm in 
diameter and 160 turn) was used. When an AC current of 10 mA (rms value) was applied to the induction coil, the 
peak-and-peak magnetic field just below the induction coil was approximately 24 ȝT. The frequency of induction coil 
current was fixed at 175 Hz for examination of the aluminum stack.  
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Fig. 1. Schematic illustration of the new NDE system. 
Fig. 2. Schematic illustration showing the configuration and scan 
procedure for NDE of an iron plate or a stack of aluminum plates. 
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3. Results and Discussion  
3.1. Measurements of magnetized material using previous NDE system 
Fig. 3 shows the two-dimensional (2D) image of the magnitude signal around the defect on the non-magnetic 
aluminum plate and the magnetic iron plate taken using our previous NDE system using an HTS planar gradiometer in 
which pickup loops approximately 5.6 h 6.3 mm2 in size were directly coupled to a SQUID inductor [10]. While four 
peaks are clearly seen around the defect for the case of the aluminum plate, magnetization of the iron plate causes 
noisy and fuzzy 2D image, suggesting a frequent failure of locking operation of the FLL circuit. Generally, SQUID 
sensors cannot be operated correctly using a FLL circuit in a high static magnetic field. Our previous SQUID 
gradiometer with the same design showed a substantial Ic decrease in static fields higher than 40 ȝT [9]. The magnetic 
field measured on the surface of the iron plate was 0.1-0.4 mT, suggesting that our SQUID sensor cannot work 
correctly using a FLL circuit near the surface of the iron plate.  
3.2. Measurements of magnetized material using new NDE system 
Fig. 4 shows the 2D image of the magnitude signal from the lock-in amplifier around the defect in the iron plate 
taken using the new NDE system with an external coaxial gradiometric Cu pickup coil. Two peaks are clearly seen 
near the edges of the through hole, as expected, indicating correct operation of the system. 
To further evaluate the performance of the new NDE system in a magnetic field from the surface of test sample, the 
aluminum plate with a ferrite-based magnet sheet on it was examined. The sheet magnet had a magnetization of 10 mT. 
Any functional alloy used in an electric power plant also has a magnetization typically up to 10 mT. Figs. 5(a) and 
5(b) show the 2D images of the magnitude signal from the lock-in amplifier around the defect in the aluminum plates 
with and without a sheet magnet, respectively. The dotted area in Fig. 5(a) indicates the magnet position. In both the 
images, two peaks are clearly seen, and no appreciable difference is observed. This result indicates that our new NDE 
system is applicable to conductors with a magnetization up to 10 mT, and magnetic field from the magnet sheet has 
almost no appreciable influence on the measurement. Since the magnetic sheet is not conducting and has coercive 
force much higher than the coil-induced magnetic field, influence of the eddy current and the change of magnetization 
in the magnet sheet is expected to be negligible. 
3.3. Performance of detecting deep-lying defects 
Although our new NDE system well works for examination of magnetic samples, it seems difficult to simply apply 
it to thick conductors with high permeability such as iron. In the present study, we only examined the performance of 
detecting deeply-lying defects in a multilayer conductor consisting of a stack of aluminum plates. Fig. 6 shows an 
example of the profile of the magnitude signal in the Y-direction across the maximum point in the 2D image. The 
profile is asymmetric and the offset increases with the Y position. The existence of the offset is probably due to the  
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Fig. 3. Two-dimensional images of magnitude signals around a slit-like defect 
in (a) a non-magnetic material (aluminium plate)  and (b) a magnetic material 
(iron plate) taken by using our previous NDE system. 
Fig. 4. Two-dimensional images of magnitude  
signals around a slit-like defect in an iron plate 
taken by using the new NDE system. 
Fig. 5. Two-dimensional images of magnitude signals around a slit-like defect in 
an aluminium plate (a) with and (b) without a magnet sheet on the surface.
Fig. 6. Profile of magnitude signal in the Y-direction across  
the maximum points in Fig. 5 (b) (along the dotted line). 
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imbalance of the gradiometer, or of the equipment configuration such as a slight inclination of the coil plane against 
the sample surface. Here, we define the peak signal intensity as the maximum height of the peak from the offset level. 
The peak signal intensity in each profile was plotted as a function of the depth of the through hole or slit depth. Fig. 7 
shows the dependence of the peak signal intensity on the slit depth. The system noise level including the offset level in 
this system is estimated to be around 1.0 h10-1 ĭ0.  The signal decays nearly exponentially with the decay length of 
approximately 3.2 mm. This value is about one half of the skin depth of the eddy current į  (=1/¥ʌȝıf) = 6.4 mm, 
where ȝ (=1.25h10-6 H㨯m ), ı (=3.8h107 ȍ-1㨯m-1 ), and f (=175 Hz), are the permeability, electrical conductivity of 
aluminum, and the frequency of induction current. In our previous NDE study using planar HTS gradiometers with the 
baseline of 1 and 8.5 mm, a similar relationship between the signal decay length and the skin depth was observed [2]. 
The present as well as the previous result implies that the decay length of return field takes a value similar to the skin 
depth.  
In the present study using the new NDE system, it was difficult to detect the slit at depth larger than 8 mm. This 
value is substantially smaller than the values of 18 mm or more observed in the previous study [1]-[2]. We consider 
there are two reasons for this difference. One is the decrease of the signal intensity, and the other is the increase of the 
system noise level. In the new NDE system, we could apply a maximum magnetic field of 24 ȝT, which is much 
smaller than 260 ȝT in our previous system using a double-D coil. The smaller induction field led to smaller signal 
intensity. As mentioned above, due to the existence of the offset or background signal, our new NDE system showed 
50 times larger system noise level than that of our previous NDE system [2]. The observed inferior detectability of 
deep-lying defects in the new system is attributable to the resultant degradation of S/N ratio. Thus further optimization 
of the structure and the configuration of the external pickup coil are necessary to clarify the actual performance of the 
new NDE system. 
4. Conclusion 
We developed a new eddy-current NDE system which consists of a LN2-cooled coaxial gradiometric Cu pickup 
coil, an HTS planar SQUID gradiometer coupled to an HTS multi-turn input coil, and a BSCCO magnetic shied for 
the SQUID chip for the purpose of detecting defects in a magnetized material. The system well worked without an 
appreciable influence of a magnetization up to 10 mT on the observed signal. We also examined the ability of 
detecting deep-lying defects using a stack of aluminum plates and could detect a slit-like defect or a through hole 
located at 8 mm deep positions, indicating an inferior ability comparing with our previous system. However, this 
ability could be much improved by optimizing the structure and configuration of the external pickup coil. 
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 Fig. 7. Dependence of peak signal intensity on the  
depth of the slit-like defect at the excitation frequency 
of 175 Hz. 
All the data are renormalized for the excitation current 
of 10 mA. The solid line in the figure is fits to the data 
assuming an exponential decay, which give a decay 
length of 3.2 mm. 
